The typical mammalian visual system is based upon three photoreceptor types: rods for dim light vision and two types of cones (M and S) for color vision in daylight. However, the process that generates photoreceptor diversity and the cell type in which diversity arises remain unclear. Mice deleted for thyroid hormone receptor ␤2 (TR␤2) and neural retina leucine zipper factor (NRL) lack M cones and rods, respectively, but gain S cones. We therefore tested the hypothesis that NRL and TR␤2 direct a common precursor to a rod, M cone, or S cone outcome using Nrl b2/b2 "knock-in" mice that express TR␤2 instead of NRL from the endogenous Nrl gene. Nrl b2/b2 mice lacked rods and produced excess M cones in contrast to the excess S cones in Nrl Ϫ/Ϫ mice. Notably, the presence of both factors yielded rods in Nrl ϩ/ b2 mice. The results demonstrate innate plasticity in postmitotic rod precursors that allows these cells to form three functional photoreceptor types in response to NRL or TR␤2. We also detected precursor cells in normal embryonic retina that transiently coexpressed Nrl and TR␤2, suggesting that some precursors may originate in a plastic state. The plasticity of the precursors revealed in Nrl b2/b2 mice suggests that a two-step transcriptional switch can direct three photoreceptor fates: first, rod versus cone identity dictated by NRL, and second, if NRL fails to act, M versus S cone identity dictated by TR␤2.
Introduction
The visual capability of a species depends upon the generation of distinct photoreceptor types. Most mammals, including mice, possess three photoreceptor types: rods for dim light vision and two cone types for bright light vision. Cone types are defined by expression of medium-long (M) and short (S) wavelengthsensitive opsin photopigments, respectively, that allow color discrimination (Nathans, 1999) . In the retina, multipotent, proliferative progenitor cells produce postmitotic progeny, or precursors, with diverse neuronal fates (Carter-Dawson and LaVail, 1979b; Cepko et al., 1996; Adler and Raymond, 2008) . Progenitors are thought to change their properties as development progresses, thereby permitting the generation of the requisite variety of neuronal types, including rods, cones, horizontal, amacrine, bipolar, and ganglion cells that constitute the mature retina (Livesey and Cepko, 2001; . Classical cell birth-dating studies using 3 H-thymidine pulses in early mouse development followed by morphological identification of cell types at adult ages indicated that cones are generated in the embryo, whereas rods are produced over a longer time extending into the postnatal period (Carter-Dawson and LaVail, 1979b; Young, 1985) . However, rods and cones remain morphologically indistinct for much of their early life history, which has hindered direct studies of the events that generate photoreceptor diversity.
Transcription factors play critical roles throughout the course of photoreceptor differentiation from multipotent progenitor cell to postmitotic precursor to terminally differentiated neuron. Regarding the mechanisms by which photoreceptor diversity arises, we previously reported that neural retina leucine zipper factor (NRL, encoded by Nrl ) and thyroid hormone receptor 2 (TR␤2, one of the receptor isoforms encoded by Thrb), profoundly influence photoreceptor fates. Nrl Ϫ/Ϫ mice lack rods but gain excess S cones , whereas Thrb2 Ϫ/Ϫ mice lack M cones, and all cones instead express S opsin (Ng et al., 2001) . Moreover, bromodeoxyuridine labeling indicates that NRL and TR␤2 are expressed in postmitotic precursors rather than dividing progenitors (Akimoto et al., 2006; Jones et al., 2007) , leading us to hypothesize that in mice, photoreceptor diversity originates in a common, postmitotic photoreceptor precursor with default S cone properties.
To investigate the nature of the cell type in which photoreceptor diversity arises, we analyzed mice in which Nrl was replaced with a Thrb mini-gene that expresses TR␤2. The data demonstrate that postmitotic precursors that would normally form rods can alternatively produce M cones, S cones, or rods, depending upon the relative activities of NRL and TR␤2. We propose that the innate plasticity of this precursor allows a sequential, two-step transcriptional switch to direct three photoreceptor cell fates.
Materials and Methods

Mouse strains. Nrl
Ϫ/Ϫ mice were on a C57BL/6J background and Tshr Ϫ/Ϫ mice on a 129/Sv ϫ C57BL/6J background (Marians et al., 2002) . Thrb tm2/tm2 (Thrb2 Ϫ/Ϫ ) mice (Ng et al., 2001 ) on a 129/Sv ϫ C57BL/6J ϫ DBA background carried a targeted replacement of lacZ in the TR␤2-specific exon of Thrb, resulting in expression of ␤-galactosidase from the endogenous TR␤2 promoter. The Nrlp-GFP transgene (Akimoto et al., 2006) was on a wild-type C57BL/6 background; these mice also carried a Thrb2p-lacZ transgene with the natural TR␤2 promoter and intron enhancer that direct expression in immature cones (Jones et al., 2007) to allow triple fluorescent analyses. Nrl b2/b2 mice on a C57BL/6 background were derived by targeted mutagenesis in C57BL/6 ES cells by Ozgene Pty Ltd. The targeting vector carried 5Ј and 3Ј homology arms of 4.7 and 4.3 kb, respectively, of Nrl genomic DNA flanking a mouse TR␤2 cDNA (gift from W. Wood and E. C. Ridgway, University of Colorado, Denver, Colorado) (Wood et al., 1991) with a 59 bp 5Ј non-coding sequence before the TR␤2 ATG codon, a 126 bp 3Ј untranslated sequence after the stop codon, an SV40 polyadenylation site, and a neomycin (Neo)-resistance gene flanked by loxP sites. Chimeric mice derived from a recombinant ES cell clone were crossed with Cre-transgenic mice to remove Neo; the Cre transgene was removed by out-crossing. Targeting was ascertained by Southern blot analysis. Nrl ϩ/b2 mice were crossed to produce ϩ/ϩ, ϩ/b2, and b2/b2 progeny for analyses. Genotypes were determined using a three-primer PCR with primers: Nrl-104F, 5Ј-GAACACCTCTCTCTGCTCAGTCCC; Thrb2-1522R, 5Ј-GGCTGAGGGCCATGTCCAAGTC; Nrl-512R, 5ЈCTGGACAT-GCTGGGCTCCTGTCTC, giving bands of 450 and 250 bp for wild-type and Nrl-b2 alleles, respectively. For developmental studies before adult ages, mice of either sex were analyzed. For histology and electroretinogram studies at adult ages, the sex of mice analyzed is given. Studies were performed according to approved protocols at NIDDK/NIH.
In situ hybridization and quantitative PCR analysis. In situ hybridization was performed with riboprobes as described previously (Jia et al., 2009) . For 8-week-old mice (see Fig. 4A ), groups of 3 mice of either sex for each genotype were analyzed. The Thrb probe spanned the common C terminus of TR␤2 and TR␤1 (accession no. NM_001113417, coordinates 124 -1701). For real-time quantitative PCR, retinal RNA was pooled from 3-5 mice. Gene expression levels were normalized to actin (Jia et al., 2009) . Primers, accession numbers, and amplicon sizes are as follows: Opn1mw NM_008106, 162 bp, forward (F), 5ЈTCGAAACTG-CATCTTACATCTC, reverse (R), 5ЈGGAGGTAAAACATGGCCAAA; Opn1sw AF190670, 176 bp, F, 5ЈTGCTGGGGATCTGAGATGAT, R, 5ЈAATGAGGTGAGGCCATTCTG, Thrb2 NM_009380.3, 208 bp, F, 5ЈCCTGTAGTTACCCTGGAAACCTG, R, 5ЈTACCCTGTGGCTTT-GTCCC; Actb NM_007393.3, 222 bp, F, 5ЈTGCTGTCCCTGTATGC-CTCTG, R, 5ЈTTGATGTCACGCACGATTTCC. Most primers were designed using PrimerBank guidelines (http://pga.mgh.harvard.edu/ primerbank).
Western blot analysis. Retinas from 2-4 embryos or mice were pooled to prepare whole-cell protein extracts as described previously (Lu et al., 2009) . For adults, 15 g samples and for embryos or neonates, 25 g samples (unboiled) were analyzed by PAGE; rhodopsin was analyzed in 3 g samples. Antibodies, dilutions, and sources are as follows: Nrl, rabbit polyclonal, 1:10,000 ); TR␤2, rabbit polyclonal, 1:2500 Immunohistochemistry. Ten-micrometer cryosections were incubated with antibodies and analyzed using a Leica SPE or Zeiss LSM510 confocal microscope and a 63ϫ oil-immersion lens (NA 1.4). Counts of TR␤2ϩ and GFPϩ cells were determined in a single, 1 m z-plane in mid-retinal sections. Counts were determined in 3 fields in the outer neuroblastic layer in the superior, middle, and inferior regions each of retina for groups of 3-5 mice. Antibody types, dilutions for use, and sources are as follows: S opsin, rabbit polyclonal, 1:1000 (Millipore Bioscience Research Reagents AB5407); ␤-galactosidase (E. coli), mouse monoclonal, 1:200 (Promega Z378A); TR␤2, rabbit polyclonal, 1: 2500 . The polyclonal antiserum raised in rabbit against full-length mouse NRL, described previously , was purified to select for the IgG fraction using protein A-Sepharose beads. This IgG fraction was used at 1:1000 dilution for immunohistochemistry.
Histology. Three-micrometer glycol methacrylate sections were stained with hematoxylin and eosin (Jia et al., 2009) . Cone and rod nuclei were counted in 165-m-long fields of the outer nuclear layer (ONL) in 2 representative fields per section on 3 mid-retinal, vertical sections in groups of 3 mice (all males). Statistical tests used Student's t test.
Electroretinogram analysis. The electroretinogram (ERG) was recorded using an Espion Electrophysiology System (Diagnosys LLC) on 8-to 10-week-old mice anesthetized with (in milligrams per gram body weight) 25 ketamine, 10 xylazine, and 1000 urethane, as described previously (Lyubarsky et al., 1999; Ng et al., 2010) . Briefly, photopic cone b-wave responses were measured with rod responses suppressed by constant green light ( 520 nm) at 10 cd/m 2 . S opsin responses were evoked with a UV light-emitting diode (LED) with a peak at 367 nm and intensities of 0.0001, 0.0002, 0.00032, 0.00056, 0.001, 0.0018, 0.0032, 0.0056, Ϫ/Ϫ lane, TR␤2-deficient control at embryonic day 17.5 (E17.5). Numbers below lanes are signals quantified by densitometry relative to an arbitrary value of 1.0 in ϩ/ϩ mice at the earliest age of detection; nd, not detectable. C, In situ hybridization showing ectopic expression of TR␤ mRNA over the outer neuroblastic layer (ONBL) in Nrl ϩ/b2 and Nrl b2/b2 mice at P7. Endogenous TR␤2 mRNA drops to low levels in the small cone population in ϩ/ϩ neonates. Scale bar, 50 m. INBL, Inner neuroblastic layer. RPE, Retinal pigmented epithelium (gray triangle).
0.01, 0.0178, 0.0316, and 0.056 cd/m 2 . M opsin responses were evoked using an LED with a peak at 520 nm and intensities of 0.5, 1, 1.26, 1.58, 2, 2. 51, 3.16, 3.98, 5.01, 6.31, 7.94, 10, 12.59, 15.84, 19.95, 25.12, 32 , and 38 cd/m 2 . Scotopic rod responses were evoked after overnight dark adaptation using an LED with a peak at 520 nm at intensities of 1 ϫ 10 Ϫ6 , ϫ 10 Ϫ5 , ϫ 10 Ϫ4 , ϫ 10 Ϫ3 , and ϫ 10 Ϫ2 cd/m 2 . The ERG was recorded twice on separate groups of 4 -6 mice (7-8 weeks old) of either sex, with males and females in approximately equal proportions for each of the six genotypes analyzed.
Results
Ectopic expression of TR␤2 from the Nrl gene Our hypothesis that three photoreceptor types originate from a common, postmitotic precursor with default S cone properties was suggested by the profound shifts in photoreceptor fates observed in Nrl
and Thrb2 Ϫ/Ϫ mice, both of which gain S cones at the expense of rods and M cones, respectively (Swaroop et al., 2010) . To define the roles of NRL and TR␤2 in a common precursor, we investigated photoreceptor fates and function in mice in which the Nrl gene was replaced with a TR␤2-expressing cassette (Thrb2) by homologous recombination (Fig. 1A) . This model would allow us to determine: (1) in heterozygotes, the consequence of coexpression of NRL and TR␤2 in a defined precursor population that normally forms rods; and (2) in homozygotes, the role of TR␤2 in the absence of NRL in this same precursor population.
Western blot analysis revealed the predicted loss of NRL and ectopic expression of TR␤2 in the retina of mice homozygous for this Nrl b2 allele (Fig. 1B) . Normally, Nrl expression peaks during the first postnatal week, whereas TR␤2 peaks in utero (Akimoto et al., 2006; Ng et al., 2009) , correlating with the peaks of birth of immature rods and cones, respectively (Carter-Dawson and LaVail, 1979b) . In Nrl b2/b2 mice, TR␤2 showed protracted postnatal expression with a peak at postnatal day 7 (P7), as expected when expressed from the endogenous Nrl promoter. In situ hybridization analysis revealed ectopic expression of TR␤2 mRNA over the entire outer neuroblastic layer (ONBL) of the retina in Nrl b2/b2
and Nrl ϩ/b2 mice at P7, consistent with expression in the large precursor population that normally forms rods (Fig. 1C) . In contrast, TR␤2 mRNA expression in the small cone population in wild-type (ϩ/ϩ) mice had declined to nearly undetectable levels at P7.
Histology of the photoreceptor layer in Nrl
؉/ b2 and Nrl b2/b2 mice The retina of adult Nrl b2/b2 mice was morphologically indistinguishable from that of Nrl Ϫ/Ϫ mice in displaying excess cones and a complete absence of rods, as expected following loss of Nrl ( Fig. 2A,B) . Nrl b2/b2 mice, like Nrl Ϫ/Ϫ mice (Daniele et al., 2005) , also displayed shortened outer segments and "rosette" distortions of the ONL, possibly due to aberrant packing and displacement of cone cell bodies, which are larger than rod cell bodies. In contrast, in heterozygous Nrl ϩ/b2 mice, normal numbers of cones and rods were present ( Fig. 2A,C ). Cones were identified by their large nuclei with dispersed chromatin and their location near the outer edge of the ONL, whereas rods were distinguished by their small, densely stained nuclei and their large numbers distributed throughout the ONL (Carter-Dawson and LaVail, 1979a) . Thus, ectopic expression of TR␤2 in heterozygous Nrl ϩ/b2 mice did not alter retinal morphology or the numbers of rods and cones compared with ϩ/ϩ mice, indicating that coexpression of TR␤2 with NRL in rod precursors did not divert differentiation from a rod outcome.
Distinct photoreceptor outcomes in Nrl
, Nrl b2/b2 and Nrl ؊/؊ mice The photoreceptor outcomes of the different mouse strains were further determined by analysis of expression of cone and rod photopigments (Fig. 3) , by analysis of the spatial distribution of cone photopigments over the retina (Fig. 4A) , and by testing the dependence of photopigment expression upon thyroid hormone (Fig. 4B) . First, Western blot and mRNA analyses demonstrated that in Nrl b2/b2 mice, like Nrl Ϫ/Ϫ mice, the retina overexpressed S opsin and lacked the rod photopigment rhodopsin (Fig. 3A,C) . However, Nrl b2/b2 mice differed from Nrl Ϫ/Ϫ mice in the key property of overexpression of M opsin. Heterozygous Nrl ϩ/b2 mice showed little or no abnormality in cone opsin or rhodopsin expression, indicating that TR␤2 is largely constrained from regulating cone opsins in a rod cellular context. The overexpression of M opsin in Nrl b2/b2 mice displayed an early onset and was already pronounced at P14 (Fig. 3B) . Similar findings were made at the mRNA level using quantitative PCR analysis (Fig. 3C) , indicating that the phenotypic difference between Nrl b2/b2 and Nrl Ϫ/Ϫ mice reflected changes in the transcriptional program. Normally, M and S opsins are differentially distributed across the mouse retina, with M opsin predominating in superior and S opsin in inferior retinal regions, while cones in middle regions express varying proportions of both M and S opsins (Lyubarsky et al., 1999; Applebury et al., 2000; Szél et al., 2000) . In the excess S cones in Nrl Ϫ/Ϫ mice, this pattern is lost, with S opsin being strongly overexpressed regardless of regional location in the retina, as shown by in situ hybridization analysis (Fig. 4A) . However, ectopic TR␤2 expression imposed a normal distribution trend on M and S opsins in the excess cones in Nrl b2/b2 mice such that M opsin was predominantly expressed in superior and S opsin in inferior retinal regions.
Further experiments demonstrated that the excess cones in Nrl b2/b2 mice, like normal cones, were dependent on provision of thyroid hormone for M and S opsin patterning. Nrl b2/b2 mice were made congenitally hypothyroid by crossing with Tshr Ϫ/Ϫ mice (Marians et al., 2002; Lu et al., 2009) . Tshr Ϫ/Ϫ mice have very low serum levels of thyroid hormones from birth because of an underdeveloped thyroid gland resulting from loss of the thyrotropin receptor. In Nrl b2/b2 mice on a Tshr Ϫ/Ϫ background, M opsin expression was retarded and S opsin overexpression was exacerbated in both superior and inferior retinal regions (Fig.  4B) . Rhodopsin remained undetectable in Nrl b2/b2 mice regardless of Tshr genotype.
Distinct photoreceptor functions in Nrl
, Nrl b2/b2 , and Nrl ؊/؊ mice Analysis of the photopic ERG revealed a striking enhancement of M cone function in Nrl b2/b2 mice, consistent with the presence of M opsin in the excess cone photoreceptors in this mouse strain. Cone b-wave magnitudes were substantially elevated in response to a monochromatic light stimulus with a wavelength of 520 nm that optimally activates mouse M opsin (Lyubarsky et al., 1999; Ng et al., 2010) (Fig. 5A, top row) and Nrl Ϫ/Ϫ mice displayed markedly enhanced S cone responses to a stimulus at 360 nm, a wavelength that optimally activates mouse S opsin (Fig. 5A, middle row) . However, the magnitude of the enhanced S cone response was somewhat lower in Nrl b2/b2 mice than in Nrl Ϫ/Ϫ mice, as shown in the stimulus intensityresponse plots (Fig. 5B) . The smaller enhancement of the S cone response in Nrl b2/b2 mice is consistent with the more restricted distribution of S opsin in the retina in Nrl b2/b2 mice than Nrl
mice. Both Nrl b2/b2 and Nrl Ϫ/Ϫ mice lacked scotopic ERG responses as expected in the absence of rods (Fig. 5A, bottom row) . In conclusion, these results indicate that in the absence of NRL, both Nrl b2/b2 and Nrl Ϫ/Ϫ mice produce excess, functional cones instead of rods. However, the results in Nrl b2/b2 mice indicate that precursors that would normally become rods are capable of forming functional M cones, as an alternative to the S cones found in Nrl Ϫ/Ϫ mice. Finally, heterozygous Nrl ϩ/b2 mice displayed rod responses in the normal range, indicating that in mice with this genotype, the rod population (Fig. 2) was functionally intact.
Transient coexpression of Nrl and TR␤2 in retinal development
The above evidence from mouse strains carrying genetic alterations demonstrated that precursors that normally form rods are capable of forming M cones, S cones, or rods, depending upon the relative expression levels of NRL and TR␤2. We therefore tested whether common photoreceptor precursors in the normal retina may coexpress the early rod (NRL) and cone (TR␤2) markers at immature stages. TR␤2 was detected by immunofluorescence using antiserum against TR␤2 (@TR␤2), and Nrl expression was monitored by direct detection of green fluorescent protein (GFP) expressed from an Nrl promoter-GFP transgene (NrlpGFP) on a wild-type mouse background. This direct identification of immature cones and rods based on early markers revealed that the appearance of TR␤2-positive (TR␤2ϩ) and NrlpGFP-positive (GFPϩ) cells followed the profiles of cone and rod genesis, respectively, determined indirectly in previous studies using 3 H-thymidine labeling in mice (Carter-Dawson and LaVail, 1979b) (Fig. 6A,B) . Thus, the cone peak preceded that of rods. However, up to 50% of TR␤2ϩ cells at later embryonic stages were also GFPϩ (Fig. 6C) . Postnatally, GFPϩ cell numbers rose sharply, correlating with the peak of rod generation. By P8, no doubly positive cells were detected. The results revealed a transient population of cells that coexpressed TR␤2 and GFP, raising the possibility that some photoreceptor precursors originate in an indeterminate rather than fixed rod or cone state.
The validity of the NrlpGFP transgene as a marker for cells expressing endogenous Nrl was verified by analysis with an anti- body against NRL protein (@Nrl) (Fig.  6D ). Both the antibody and NrlpGFP transgene detected cells with a range of signal strengths in the late embryonic retina. Almost all GFPϩ cells were also positive for @Nrl. However, the @Nrl antibody detected some additional cells that were not GFPϩ (Fig. 6D , white arrows, middle panel), suggesting that NrlpGFP had a slightly lower detection sensitivity than @Nrl antiserum. The presence of cells that were positive for both Nrl and TR␤2 was independently demonstrated in a reciprocal analysis using @Nrl to detect endogenous NRL protein and an antibody against ␤-galactosidase (@bGal) to detect expression of a targeted lacZ insertion in the TR␤2-specific exon of the endogenous Thrb gene (Ng et al., 2001) . Cells positive for both @bGal and @Nrl were detected in these mice (Fig. 6E) .
Using mice carrying NrlpGFP, we investigated whether any GFPϩ precursors coexpressed S opsin, an indicator of the putative default S cone state of a precursor before acquisition of a fixed fate. These mice also carried a Thrb2p-lacZ transgene, a reporter of TR␤2 expression, thus allowing triple analysis of cells expressing Nrl, TR␤2, and S opsin. At late embryonic and neonatal stages, occasional doubly positive GFPϩ/S opsinϩ cells were detected (Fig. 6F) . Rare triply positive GFPϩ/TR␤2ϩ/S opsinϩ cells were also detected in neonates, suggesting that some precursors may originate in an indeterminate state.
Discussion
This study of Nrl b2/b2 mice demonstrates that postmitotic precursors that normally form rods possess an innate plasticity and can be directed to three functionally distinct photoreceptor outcomes by NRL and TR␤2 in vivo. This evidence, based upon manipulation of rod precursors, supports a hypothesis whereby photoreceptor diversity originates in a malleable precursor in response to two, stepwise decisions (Swaroop et al., 2010) , as follows.
(1) If NRL attains a critical threshold of expression, it suppresses a default S cone outcome and directs a rod fate. The retention of rods in Nrl ϩ/b2 mice suggests that TR␤2 has little ability to deflect such a cell away from a rod outcome, consistent with NRL exerting transcriptional dominance (Oh et al., 2007) . (2) If NRL expression fails to reach a threshold, differentiation proceeds by default as an S cone. In a subpopulation of these cells, TR␤2 determines an M opsin identity depending upon the spatial location of the cone in the retina and the developmental rise in thyroid hormone levels in the circulation (Roberts et al., 2006; Pessô a et al., 2008; Lu et al., 2009; Glaschke et al., 2010) . Consequently, the plastic precursor acquires a fixed commitment to a particular photoreceptor fate. A distinctive feature of the hypothesis is the sequential, two-step control, with each step yielding a new outcome (rod or M cone) relative to a common default outcome (S cone). This contrasts with other models of cell fate determination in which two transcription factors exert mutual antagonism, as has been proposed, for example, for GATA1 and PU.1 in directing erythroid versus myeloid fates in blood cell differentiation (Graf and Enver, 2009) .
Other evidence suggests that precursors of all cone and rod types, not only the rod type, possess innate plasticity. Thus, both TR␤2-deficient and NRL-deficient mice gain S cones at the expense of M cones and rods, respectively Ng et al., 2001) . Moreover, ectopic expression of NRL in all types of photoreceptor precursors using a Crx promoter suppresses cone development and gives a rod-only retina (Oh et al., 2007) , indicating that cone precursors are susceptible to the dominant activity of NRL. Based on this evidence and the results from Nrl b2/b2 mice, we may speculate that photoreceptor precursors possess equivalent plasticity when first generated from dividing progenitors. If so, the first distinction between rod and cone precursors may be set by the presently undefined signals that induce a threshold level of NRL expression in the population that will become rods.
We also detected precursors in normal retina that coexpressed TR␤2 and Nrl using two immunofluorescent approaches. This transient population of doubly positive cells was most evident at late embryonic stages and may reflect the presence of some normal precursors that exist in an indeterminate state before final commitment to a given photoreceptor fate. However, the developmental significance of these doubly positive precursors awaits future investigation, for example by cell lineage-tracing experiments. We note that a technical limitation in monitoring early differentiation stages concerns the changing and, at times very low, expression levels of cone and rod markers in development. For example, TR␤2 peaks in utero and declines postnatally, whereas Nrl expression is relatively weak in utero but increases postnatally. Such low and dynamically varying expression levels may lead to an underestimation of the number of doubly positive cells at some stages but would not change the major finding of this analysis.
Much interest has focused on multipotent progenitor cells as a source of neuronal diversity, with differentiation fates being programmed in the progenitor before or during exit from the cell cycle (Jacob et al., 2008; Agathocleous and Harris, 2009; Jukam and Desplan, 2010) . Indeed, as development progresses, retinal progenitors are thought to change their differentiation properties, or competence, thereby allowing the generation of appropriate populations of photoreceptors, interneurons, ganglion cells, and glia (Livesey and Cepko, 2001) . Nonetheless, concerning the cell type in which photoreceptor diversity arises, our study points to a postmitotic precursor rather than a progenitor as the source of diversity. The process that produces such a generic, plastic photoreceptor precursor from a progenitor is probably complex, involving, for example, Otx2 (Nishida et al., 2003) , Blimp1 Katoh et al., 2010) , and Notch signaling genes (Jadhav et al., 2006; Yaron et al., 2006; Riesenberg et al., 2009 ). However, NRL and TR␤2 are not required at this step. Rather, the requirement for NRL and TR␤2 is postponed until a malleable precursor is made that can be directed to a rod, M cone, or S cone fate by a limited combination of transcriptional switches. Genes such as Nr2e3 (Haider et al., 2000) , Crx (Chen et al., 1997; Furukawa et al., 1999) , and Pias3 (Onishi et al., 2009 are also critical at various stages of photoreceptor differentiation and encode accessory factors or downstream effectors that participate closely with NRL or TR␤2. For example, NRL initially induces expression of orphan receptor NR2E3, and these two factors together activate rod genes and suppress cone genes (Oh et al., 2007) . Coup-TF, retinoid-related orphan nuclear receptors, and retinoid receptors cooperate with TR␤2 in setting cone opsin distribution patterns (Roberts et al., 2005; Srinivas et al., 2006; Fujieda et al., 2009; Satoh et al., 2009; Alfano et al., 2011) . Although the mechanisms of these interactions remain to be elucidated, current evidence does not indicate that other factors substitute for NRL and TR␤2 in the central decisions that initiate the generation of photoreceptor diversity.
It is of interest that analogous controls may direct photoreceptor diversity in non-mammalian species. The Drosophila compound eye consists of ommatidial units but nonetheless resembles the mammalian eye in containing both color-sensing and dim light-sensing photoreceptors. In the Drosophila eye, a mosaic of color-sensing photoreceptors is generated by stochastic expression of spineless factor in precursor cells. Spineless dictates which particular opsin is expressed, thereby generating "yellow" or "pale" ommatidial fates (Wernet et al., 2006) . Although the factors differ, similarities in the transcriptional switches used in mice and insects may point to common themes underlying the generation of photoreceptor diversity. Counts shown were determined in mid-retinal fields. Counts in superior and inferior fields gave similar results. D, Verification of NrlpGFP transgene as a marker for cells expressing endogenous Nrl using an antibody against NRL protein (@Nrl) and direct fluorescence for NrlpGFP in ϩ/ϩ embryos at E18.5. The @Nrlϩ population included almost all GFPϩ cells (yellowish and orange cells, merged image on the left) and a few @Nrlϩ cells that were negative for GFP (white arrows, middle). E, Independent identification of cells that coexpress TR␤2 (@bGal) and endogenous NRL protein (@Nrl) (yellow or orange cells in merged image, left). Analysis was performed on E18.5 embryos homozygous for a targeted insertion of lacZ in the TR␤2-specific exon of the Thrb gene. Scale bars: D, E, 10 m F, Immunofluorescence analysis for coexpression of S opsin (@S opsin antibody, blue), NrlpGFP (direct fluorescence, green) and Thrb2p-lacZ transgenes (@bGal antibody, red, indicator for TR␤2) in ϩ/ϩ mice at P0. Arrows, S opsin/GFP doubly positive cell; arrowheads, S opsin/GFP/bGal triply positive cell; asterisks, S opsin-positive cell with no detectable GFP or bGal. Gray triangle, Retinal pigmented epithelium.
